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lceCube astrophysical neutrinos

Evidence for astrophysical neutrinos first observed by IceCube using high-energy

neutrino events with contained (C) interaction vertices (arxiv/1405.5303).

New analysis using up-going muon tracks with uncontained vertices (UC) shows a

similar flux with a 3.70 significance (arxiv/1507.04005).
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Neutrino energies between tens of TeV to few PeV. Compatible with flavor equipartition.

Power-law fit to the neutrino spectrum gives an index of 2.50 £ 0.09
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lceCube neutrino point-source searches

ICECUBE PRELIMINARY ___ ™

VERITAS
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- Contained (C) sample: 54 neutrino
candidate events in 4 years.

39 cascades, ~15° ang. resolution

TS=2log(L/LO)
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1.0

(CC Ver + NC Vept)

13 tracks, ~1° ang. resolution (CC vy)
2 events are likely background events.
No evidence for neutrino point sources.

Galactic .

Previous point-source searches
(using muon tracks) have set ULs at
a flux level that is x10-100 lower
than the all-sky astrophysical flux.

Large number of weak sources?
transients? [T |



Gamma-ray searches for neutrino sources €%
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Energy threshold E, (GeV)

Gamma-ray telescopes can be used to search for the hadronic gamma-ray counterpart.

Fermi (GeV) and IACTs like VERITAS (TeV) can set limits on fluxes that are x1000-10000 lower than
the all-sky IceCube flux.

Sensitivity is a function of redshift for VHE searches.

No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935)
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Gamma-ray searches for neutrino sources
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Sensitivity is a function of redshift for VHE searches.

No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935)

M. Santander, A multi-messenger search for the origin of high-energy astrophysical neutrinos (Fermi Symposium 2015) 6



Gamma-ray FoVs and lceCube events
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Gamma-ray FoV;s
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Gamma-ray FoVs and IceCube events
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- Fermi-LAT has large field of view and high duty cycle.
- >2 srinstantaneous FoV. Entire sky covered in 3 hours.

- Angular resolution comparable to cascades > 100 MeV
and muon tracks > 1 GeV.

- Large number of sources. Chance correlations ~ 37%
for tracks. Worse for cascades.
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Muon positions to observe with VERITAS @

Contained events (C)

arxiv/1405.5303

Three HE contained-vertex muons in the
northern sky observable from VERITAS.

Positions are publicly available.

Angular uncertainty < 1.2° for muons.
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VERITAS

Uncontained events (UC)

arxiv/1507.04005
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Uncontained muon events.

Event positions from a 2-year sample of HE
northern-sky muon neutrino candidates.

20 highest energy events in the sample.

Relatively high astrophysical purity (ignoring
atmospheric & astrophysical flux uncertainties)

Event positions not yet published. Shared
through lceCube-VERITAS MoU.

Typical angular uncertainty < 1°.



VERITAS Overview

Very Energetic Radiation Imagi | ay -ys
Location: Fred L Whipple Observatory (near Tucson, A

T — A %

- Firstlight in 2004

- Array of 4 Davis-Cotton Imaging Air Cherenkov
Telescopes.
- Energy range: ~ 80 GeV - 30 TeV

- Effective area: ~ 105 mQ

- QObserving time: ~ 750 hr (dark) + 200 hr (moonlight)

 0.1° angular resolution > 1 TeV
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4.6 hours
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No significant gamma-ray emission detected above 100 GeV.

Most significant hotspot is in the C37 field. Significance: 4.30 pre-trials,

2.00 post-trials.
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Pass 8 analysis with 1 GeV < E < 300 GeV for At = = 7 days wrt time of the event.
No significant cluster of photons at the position of the neutrino (sqrt(TS) < 1)
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Observations of uncontained muons

*ULs with no trials corrections.

ID | Obs. time UL (99%) UL (99%)

[min| [x10712 em™2 s71] [C.U/]

Cb5 180 8.3 2.3%

C13 574 4.0 1.1%
C37 275 7.3 2.0%
UC2 25 21.2 5.8%
UC3 180 6.3 1.7%
UC4 122 9.9 2.7%
UCh 90 6.7 1.8%
UCe6 25 9.5 2.6%
ucCT 15 39.6 10.9%
UCS 60 9.3 2.6%
UucC9 40 15.2 4.2%
UucC10 90 9.4 2.6%
UCl11 209 4.4 1.2%
UCi12 25 9.5 2.6%
UC15 90 7.4 2.0%
UC16 40 8.6 2.4%
UC17 150 4.4 1.2%
UC19 210 3.9 1.1%
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Energy threshold E, (GeV)

Most 99% CL upper limits for uncontained muons are at the 1-56% Crab nebula flux above 100 GeV.

For the LAT, ULs on uncontained muons are in the ~(1012- 101) TeV cm™ s™! above 1 GeV.

Given the current limits and an neutrino spectral index of 2.3 this would rule out steady sources with a
gamma-ray flux that is 1/1000 of the all-sky neutrino flux if they are at z < 0.2.
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PeV muon neutrino event
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Pass 7 reprocessed, source class events. 15° Rol.

No sources 3FGL within 3°, all remaining sources assumed
to have constant flux at the level of the 3FGL catalog. One
TeVCat source ~ 8° away.

No new source found to be contained in the error circle of
the neutrino.
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Conclusions and future plans

Summary
~40 hours of VERITAS data on lceCube HE neutrino positions.

No significant detection of VHE gamma-ray emission associated at the neutrino
positions. 99% flux ULs above 100 GeV at a few percent of the Crab nebula flux.

These values start to constrain the number of steady sources and their distances.

Preliminary Fermi-LAT results on HE uncontained muons.

Next steps
Continue observations of HE muon events which are likely astrophysical.

Preparing to receive real-time alerts from IceCube to increase the sensitivity to
transient sources.

CTA coming up with order-of-magnitude increase in sensitivity.
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